A B S T R A C T Acute hypoxemia produced by the inhalation of 8% and 5% oxygen increased cardiac output in intact anesthetized dogs by 38% and 62%, respectively. Although practolol, a cardioselective betaadrenergic blocking agent, reduced the increase in cardiac output in dogs subjected to severe hypoxemia (5% 02 breathing) from 62% to 43%, it only slightly reduced the cardiac output rise in dogs subjected to moderate hypoxemia (8% 02 breathing). Splenectomy, on the other hand, abolished the increase in cardiac output produced by moderate hypoxemia except for a small initial rise, but it reduced the increase in cardiac output during severe hypoxemia only to 37%. The entire increase, except for a small initial rise, disappeared only when splenectomized dogs were pretreated with practolol. Sham operation did not affect the cardiac output response to hypoxemia. It is concluded that an intact spleen is required for a significant portion of the increased cardiac output that occurs during both moderate and severe hypoxemia and that catecholamines do not participate in the regulation of cardiac output unless severe hypoxemia occurs.
INTRODUCTION
In the preceding paper (1), we have shown that the spleen and beta-adrenergic receptors are responsible for the major part of the cardiac output rise that occurs in dogs after intra-aortic infusion of cyanide. Cyanide produces metabolic changes like those that occur in hypoxic tissues. The present study was designed to ascertain whether the spleen and beta-adrenergic receptors are similarly important in the control of cardiac Dr. Liang was the recipient of a National Institutes of Health Special Research Fellowship (1 F3 HL 52986) .
Received for publication 12 March 1973 and in revised form 16 July 1973. output when hypoxia is produced by the inhalation of low-oxygen gas mixtures.
METHODS
Dogs weighing from 15.5 to 30 kg were anesthetized and prepared as described in the preceding paper (1) . The tracheal cannula was connected to a Douglas bag via a "J" valve system for determining oxygen consumption. The volume of expired gas was measured in a Tissot spirometer and the gas contents were analyzed by gas chromatography (2) . Arterial blood pH, Po2 and Pco2 were measured on a Radiometer PHM 71 acid-base analyzer (The London Company, Westlake, Ohio). Cardiac output, systemic arterial and right ventricular pressures, heart rate, and arterial blood lactate and pyruvate concentrations were determined as described previously (1) .
Control measurements of these metameters in dogs breathing room air were obtained in duplicate or triplicate over a 20-min period. Acute hypoxemia was produced by switching breathing from room air to either an 8% or a 5%o oxygen-in-nitrogen mixture for 10 min. Blood pressures and heart rate were monitored continuously throughout the period of hypoxemia. Cardiac in arterial pH. Blood lactate and pyruvate concentrations and lactate to pyruvate (L/P) ' ratio increased slightly but significantly. Among -the four groups, there was no significant difference in any of these metameters (Table I) . Fig. 1 shows that in intact dogs cardiac output increased with induction of hypoxemia, reaching a maximum of 38% of the prehypoxemic value in 5 min with no changes during the second 5 min of hypoxemia. This increase in cardiac output was not affected significantly by sham operation.
Pretreatment with ,practolol did not prevent the cardiac output from rising during hypoxemia. Cardiac output was -increased maximally 5 min after the onset of hypoxemia, declining slightly thereafter but to no significant extent. When compared with intact and shamoperated dogs, practolol-pretreated dogs showed a smaller average increase in cardiac output during hypoxemia, but the differences were not statistically significant (Table I ). In contrast, removal of the spleen markedly reduced the increase in cardiac output that occurred during hypoxemia. In splenectomized dogs, acute hypoxemia resulted in only a slight increase in cardiac output (+9% of the prehypoxemic value) in the first few minutes. Cardiac output was not increased during the last 5 min of hypoxemia (Table I, Fig. 1 ).
Hyperventilation occurred in all animals du-ring hypoxemia. On the average, respiratory rate increased by 10.1 cycle/min, and minute ventilation by 132% of the control (Table I ). (Table I) .
Effects of 5% oxygen gas breathing. Five groups of dogs were studied (see Table II intact and sham-operated dogs, whereas it increased to an average of only 43% and 37% in splenectomized and practolol-pretreated dogs, respectively. In practololpretreated splenectomized dogs, cardiac output returned toward the prehypoxemic level in 5 min after a small initial rise during hypoxemia. The small increase in cardiac output observed during the last half of the hypoxemic period was not statistically significant. All animals hyperventilated during 5% oxygen gas breathing with an average increase in respiratory rate of 16.5 cycle/min. Table II shows minute ventilation increased by an average of 248% of the control. -Oxygen consumption remained either unchanged or diminished slightly. Heart rate increased markedly in intact, sham-operated, and splenectomized dogs, but not in the two groups of dogs pretreated with practolol. Stroke volume increased in intact and practolol-pretreated dogs but no significant changes were found in the other three groups. Pa increased significantly in all animals except the practolol-pretreated splenectomized dogs. Finally, right ventricular end-diastolic pressure did not change significantly during hypoxemia in any of the groups studied. (8) reported that this increase in caremia (5). Bucheri and Rein (6) found that splenec-diac output was reduced but not abolished by betatomy reduced the pressor response to respiratory hy-adrenergic blocking agents. On the other hand, Nahas, poxemia, but cardiac output measurements were not Mather, Wargo, and Adams (9) and Baugh, Cornett, made. The roles of catecholamines and beta-adrenergic and Hatcher (10) found that the cardiac output rise receptors in the regulation of cardiac output during was abolished by adrenalectomy. The reason for the hypoxemia have been studied with conflicting results. differences in results is not known.
The period of hypoxic breathing was limited to 10 min in the present experiments to avoid the cardiac depression that usually occurs in dogs subjected to a longer period of anoxia (11, 12) . Figs. 1 and 2 show that a 10-min period was sufficient for dogs to achieve a stabilized maximum increase in cardiac output. The marked decrease in arterial Po2 and increases in lactate concentration and L/P ratio indicated that tissue hypoxia had occurred in all experimental animals. Blood L/P ratios changed inversely with arterial Po2 (Tables I and II) .
The experimental results show that cardiac output increased in intact dogs during acute hypoxemia and that this rise was significantly related to the fall in arterial Po2 (Tables I and II ). The cardiac output response was not altered to any significant extent by sham operation. The changes in cardiac output and other cardiovascular responses are comparable to those reported by other investigators (10, (13) (14) (15) .
The importance of the spleen and of beta-adrenergic receptors in the regulation of cardiac output during hypoxemia was demonstrated in the experiments with splenectomized and practolol-pretreated dogs. Splenectomy abolished the stabilized maximum increase in cardiac output during moderate hypoxemia (8% oxygen breathing), leaving a small initial rise. During severe hypoxemia (5%. oxygen breathing) the maximum rise was reduced by splenectomy; the residual increase was further reduced by beta-adrenoceptor blockade. We have demonstrated in the preceding paper that the spleen contributes to the regulation of the cardiac output by releasing an inotropic humoral substance under sympathetic influence. We have also shown that direct sympathetic stimulation of the spleen increases cardiac output (16) . A similar mechanism may account for the effect of splenectomy on the cardiac output response to hypoxemia. It is-then expected that this effect of splenectomy can be reproduced by sympathectomy. In accord with the present experiments, Korner and White (17) found that the normal increase in cardiac output was abolished in rabbits that were adrenalectomized and chemically sympathectomized with guanethidine.
Since the increased cardiac output during moderate hypoxemia was abolished by splenectomy and was not significantly altered by pretreatment with practolol, it seems likely that catecholamines do not play an important role in moderate hypoxemia. The results are consistent with the observation that plasma epinephrine levels do not increase during hypoxemia until severe hypoxemia occurs (8, 18, 19) .
A small early increase in cardiac output during hypoxemia is not attributable to actions of the spleen and catecholamines (Figs. 1 and 2) . Penna, Soma, and Aviado (20) found that this early increase in cardiac output was affected neither by arterial chemoreceptor denervation nor by complete spinal anesthesia. They attributed the increased cardiac output, in part at least, to increased venous return. This speculation, however, was not confirmed by the present study because right ventricular end-diastolic pressure did not increase (Tables I and II) .
Acute hypoxemia produced hypocapnic hyperventilation in all dogs in the present study (Tables I and II) . Recently, Richardson, Kontos, Raper, and Patterson (21) found that hypocapnic hyperventilation produced a transient increase in cardiac output that disappeared after 4 min. The investigators concluded that the cardiac output response depends mainly on the production of hypocapnic alkalosis, because isocapnic hyperventilation had no effect on cardiac output. Pretreatment with propranolol did not alter the increase in cardiac output produced by hypocapnic hyperventilation. Furthermore, Kontos, Mauck, Richardson, and Patterson (22) found that when hyperventilation was prevented with artificial respiration, cardiac output did not increase during the first 5 min of hypoxemia. It is possible, then, that the small initial increase in cardiac output observed in our experiments was caused by the hypocapnic alkalosis, invariably associated with the production of respiratory hypoxemia.
In conclusion, the increase in cardiac output produced by hypoxemia can be ascribed to three different components, as in the cyanide model of hypoxia (1) 
